Abstract. The present study aimed to determine the effect of microRNA (miR)-210 on osteoarthritis (OA). The expression levels of miR-210, type I and X collagen (COL1A1 and COL10A1) and matrix metallopeptidase 13 (MMP13) in OA and normal chondrocytes were determined using reverse transcription-quantitative polymerase chain reaction analysis. The OA chondrocytes were transfected with an miRNA precursor for miR-210 or a negative control. After 3, 7, 14 and 21 days, the expression levels of miR-210 were examined, the proliferation of the OA chondrocytes were determined using an XTT assay and the protein levels of Ki67 and HIF-3α were analyzed by Western blotting. After 21 days, the mRNA and protein levels of COL1A1, COL10A1 and MMP13 were analyzed. Th present study demonstrated that the expression levels of miR-210 and COL1A1 were lower, and the expression levels of COL10A1 and MMP13 were higher in the OA chondrocytes, compared with the levels of expression in the normal chondrocytes. Overexpression of miR-210 significantly promoted the proliferation of OA chondrocytes and induced the protein expression of Ki67. In addition, miR-210 overexpression markedly increased the expression of COL1A1 expression, but decreased the expression levels of COL10A1 and MMP13. A luciferase reporter assay confirmed the direct interaction between miR-210 and hypoxia-inducible factor (HIF)-3α. miR-210 did not alter the mRNA expression of HIF-3α, however, it suppressed the protein expression of HIF-3α. Additionally, HIF-3α knockdown significantly promoted OA chondrocyte proliferation and increased the mRNA levels of COL1A1, whereas it decreased the mRNA levels of COL10A1 and MMP13. The results of the present study suggested that miR-210 may be a negative regulator of the progression of OA, which increases chondrocyte proliferation and prompts extracellular matrix deposition by directly targeting HIF-3α.
Introduction
Osteoarthritis (OA) is a common degenerative joint disease, which is characterized by joint tissue alterations, including articular subchondral bone changes, low-grade synovitis and cartilage loss. Patients with OA often endure joint pain, tenderness, stiffness and mobility difficulties (1, 2) . Degradation of articular cartilage and extracellular matrix (ECM) is one of the predominant causes of OA (3) . Chondrocytes are the only cells to form cartilage, and are responsible for ECM synthesis and deposition (4) .
MicroR NAs (miR NAs) are ~21-nucleotide-long single-stranded RNAs, which regulate protein expression by interacting with the 3'-untranslated region (3'-UTR) of mRNA (5, 6) . miRNAs have been reported to be involved in chondrogenesis and OA (7) . For example, miR-21 controls the development of osteoarthritis by targeting growth differentiation factor 5 in chondrocytes (8) . miRNA therapy using miR-146a and the miR-183 cluster may be an efficient therapeutic strategy for OA to alleviate joint pain and promote joint cartilage regeneration (9) . miR-488 regulates the zinc transporter, SLC39A8/ZIP8, and reduces cartilage degradation during the pathogenesis of osteoarthritis (10) . Overexpression of miR-148a promotes cartilage production and inhibits cartilage degradation by OA chondrocytes (11) . miR-127-5p regulates the expression of matrix metalloproteinase 13 (MMP13) and interleukin-1β-induced catabolic effects in human chondrocytes (12) .
Of note, miR-210 can be induced by hypoxia in a wide range of normal and transformed cells (13) , representing a major hypoxia-inducible miRNA (13) . It has been demonstrated that miR-210 promotes proliferation in idiopathic pulmonary fibrosis fibroblasts (14) and ovarian cancer cells (15) in response to hypoxia. Chondrocyte metabolism operates under hypoxic conditions within the cartilage matrix (1) the downregulation of miR-210 by hypoxia-inducible factor (HIF)-1α decreases viability and induces apoptosis in hypoxic chondrocytes (16) . However, the exact effects and underlying mechanism of miR-210 in OA chondrocytes remain to be fully elucidated. The present study aimed to investigate the expression levels of miR-210 in OA chondrocytes, and to elucidate the role of miR-210 in the pathological process of OA. The present study has novel insight into the function of miR-210, which has the potential to improve treatment of cartilage disorders.
Materials and methods
Clinical specimens. Tissue specimens from knee joint cartilage were collected from five male patients and four female patients diagnosed with OA (mean age, 67 years; range, 61-73 years) who had undergone total knee arthroplasty at the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China) between 2011 and 2014, and from six male and three female post-mortem donors (mean age, 62 years; range, 55-75 years) without OA. The study was approved by the Medical Ethics Committee of the First Affiliated Hospital of Zhengzhou University (Zhengzhou, China). Written prior informed consent was obtained from all patients. The specimens were immediately preserved in liquid nitrogen for subsequent experiments.
Cell isolation and cell culture. For cell isolation, articular cartilage was minced and digested in 0.15% (w/v) collagenase (CLS-2; Worthington, Lakewood, NJ, USA) in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; GE Healthcare Life Sciences, Logan, UT, USA), 100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc.) and 100 mg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.) for 16 h at 37˚C. The cells were filtered through a 100-mm cell strainer (BD Biosciences, San Diego, CA, USA) and washed with sterile saline prior to culture or miRNA/mRNA isolation. Cells were cultured at a density of 5x10 4 cell/well, at 37˚C and an atmosphere of 5% CO 2 .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was isolated from the tissues or cultured cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and treated with 2 U of DNase I (Takara Biotechnology Co., Ltd., Dalian, China). The total RNA was reverse transcribed into cDNA using an Omniscript RT kit (Qiagen, Hilden, Germany) and random primers using the following temperatures: 42˚C for 15 mins, 85˚C for 5 sec and then incubation at 4˚C. The expression of miR-210 was determined using an miRNA qPCR detection kit (GeneCopoeia, Rockville, MD, USA) and the expression levels of COL2A1, COL10A1, MMP13 and HIF-3α were determined using an SYBR Premix Ex Taq II kit (Takara Biotechnology Co., Ltd.) and gene-specific primers. (Table I ) qPCR was performed in a Rotor-Gene RG-3000 Real-Time Thermal Cycler (Corbett Research, Sydney, Australia). The thermocycler conditions used were 94˚C 2 min for initial denaturation, 94˚C for 30 sec, 60˚C for 15 sec, and 72˚C for 15 sec; 2 sec for plate reading for 40 cycles; and melt curve from 65 to 95˚C The relative mRNA expression levels of miR-34α and Atg4B were normalized using the 2 -ΔΔCq method (17) , relative to U6 small nuclear (sn) RNA and β-actin, respectively. The experiment was performed three times.
Transfection with mature miRNA and small interfering (si) RNA. The isolated OA chondrocytes were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 10 ng/ml basic fibroblast growth factor (bFGF; R&D, Minneapolis, MN, USA), at 37˚C in a 5% CO 2 atmosphere. At passage two, the OA chondrocytes were transfected with either a pre-mir miRNA precursor for hsa-miR-210 or a pre-mir miRNA negative control precursor (Thermo Fisher Scientific, Inc.) using Lipofectamine RNAiMax (Invitrogen; Thermo Fisher Scientific, Inc.). The final concentration of pre-mir miRNA precursor was 10 nM.
HIF-3α siRNA and negative control siRNA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) were used to silence the expression of HIF-3α in the OA chondrocytes. For siRNA transfection, 5x10 4 cells were seeded in each well of 24-well micro-plates, and grown for 24 h to reach 60-65% confluence. The cells were then incubated for 15 min at room temperature with a mixture of siRNA and Lipofectamine 2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) in 100 µl serum-free OPTI-MEM (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. The mRNA and protein levels of HIF-3α were detected using RT-qPCR and Western blotting, respectively.
Cell proliferation assays. Cell proliferation was determined using XTT assays, which were performed according to the manufacturer's protocol (Roche Diagnostics, Tokyo, Japan). The cells were seeded into 96-well plates, at a density of 2x10 3 cells per well, in 100 µl culture medium with or without hsa-miR-210, a pre-mir miRNA or HIF-3α siRNA transfection. The cells were cultured in a CO 2 incubator at 37˚C for 48 h. XTT mixture (10 µl) was added to each well and mixed gently, and the cells were incubated for 2 h at 37˚C in a CO 2 incubator. The absorbance of each sample was measured using a microplate reader (Benchmark Plus; Bio-Rad Laboratories, Inc., Hercules, CA, USA) at a wavelength of 450 nm. Three independent assays were performed.
Western blot analysis. The cells were harvested 72 h following transfection and were then lysed with RIPA lysis buffer (100 mM NaCl, 50 mM Tris HCl (pH 7.5), 1% Triton-X-100, 1 mM EDTA, 10 mM β-glycerophosphate, 2 mM sodium vanadate). Protein concentration was determined using Bradford Protein Assay kit (Bio-Rad Laboratories, Inc.). A total of 30 µg protein was separated by NuPAGE on 4-12% bis-tris gels (Invitrogen; Thermo Fisher Scientific, Inc.) and transferred onto polyvinylidene fluoride membranes (EMD Millipore, Boston, MA, USA). Nonspecific binding was blocked by incubation with 5% nonfat milk TBST (10 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% Tween-20) for 3 h at room temperature. Subsequent to blocking, primary antibodies were added and incubated overnight at 4˚C. Immunoblotting was performed with anti-HIF-3α (1:1,000; cat. no. sc-28707; rabbit polyclonal IgG anti-human), anti-Ki67 (1:1,000; cat. no. sc-15402; rabbit polyclonal IgG anti-human) and anti-β-actin antibodies (1:1,000; cat. no. sc-81760; mouse monoclonal IgM anti-human). All antibodies were sourced from Santa Cruz Biotechnology, Inc. The membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:5000; cat. no. KC-MM-025; goat monoclonal IgG anti-rabbit; KangChen Bio-tech, Inc., Shanghai, China) for 3 h at room temperature. Enhanced chemiluminescence (ECL) reagents (Beyotime Institute of Biotechnology, Nantong, China) were used for detection. Specific complexes were visualized using an ECL detection system (GE Healthcare Life Sciences, Little Chalfont, UK).
Dual-luciferase reporter assays. The OA chondrocytes were seeded into 48-well plates 24 h prior to transfection (1x10 4 cells/well). HIF-3α was a target of miR-210 in OA chondrocytes as predicted by TargetScan (http://www.targetscan.org/). The sequences of the HIF-3α 3'UTR (5'-TCCTCCTACTTCAGCTCCCACAAGTAGCTG GGACTGCAGCTATGTGCCATCATGCCTGGCTGATGTT TATATGTTTTGTAGAGACGAGGTTTCACCATGTTGCCC AGG CTGGTCTTGAACTCCTGAGTTCAAGCGATCCAC CTGCCTTGGCCTCCCAAAGTGCTGGGATTACTGGTAT GAACCACCACGCCCGACAGTAAATATGTTTTGAATG AATAAACTCTCATAAATGA-3') were inserted between the XhoI and PmeI restriction sites in the psiCHECK-2 vector (Promega Corporation, Madison, WI, USA). The cells were first transfected with oligonucleotides (Guangzhou RiboBio Co., Ltd., Guangzhou, China) or miRNA overexpression plasmids (Guangzhou RiboBio Co., Ltd.) using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.), and with reporter vectors on the following day. The activities of firefly and enilla luciferase in the cell lysates were determined using a Dual-Luciferase Reporter Assay system (Promega Corporation). Normalized data were calculated as the ratio of Renilla/firefly luciferase activities.
Statistical a n alysis. T he dat a a re presented as the mean ± standard deviation. The SPSS 19 software package (IBM SPSS, Armonk, NY, USA) was used for statistical analysis. The data were analyzed using a two-tailed paired t-test. P<0.05 was considered to indicate a statistically significant difference. 
Results

Expression of miR-210 is reduced in OA chondrocytes.
The expression levels of miR-210 were analyzed and compared using RT-qPCR between the normal and OA cartilage specimens. The expression of miR-210 was decreased by ~10-fold in the OA cartilage, compared with normal cartilage (Fig. 1A) . The mRNA expression levels of COL2A1, COL10A1 and MMP13 were also measured. The expression of COL2A1 was decreased in the OA specimens (Fig. 1B) , whereas the expression levels of COL10A1 and MMP13 were increased ( Fig. 1C  and D) .
Overexpression of miR-210 promotes chondrocyte proliferation.
To investigate the effects of miR-210 in OA, an miRNA precursor (pre-mir) for miR-210, or a negative control was transfected into the OA chondrocytes. RT-qPCR analysis confirmed that transfection with the pre-mir miR-210 (Fig. 2B) . The expression level of miR-210 was highest 3 days post-transfection, with an almost 5-fold increase, compared with the negative control. Chondrocyte proliferation and the protein expression of Ki67 were promoted by the overexpression of miR-210 ( Fig. 2B and C), with the highest proliferation rate, as well as the protein expression levels of Ki67 14 days following transfection.
Overexpression of miR-210 prompts ECM deposition.
Cartilage is composed of proteoglycans and type II collagen (18) , however, type X collagen and MMP-13 are involved in cartilage matrix degradation in OA (19, 20) . To investigate the effect of miR-210 on extracellular matrix deposition, the present study investigated the expression levels of COL2A1 and COL10A1, as well as the levels of MMP13 using RT-qPCR and Western blot analysis. Overexpression of miR-210 resulted in increased mRNA and protein levels of COL2A1, and decreased mRNA and protein levels of COL10A1 and MMP13 in the OA chondrocytes (Fig. 3) .
miR-210 directly regulates the expression of HIF-3α. The TargetScan database (http://www.targetscan.org) predicted that there is one binding site for miR-210 in the 3'UTR of HIF-3α (position 2099-2120; Fig. 4A ). To analyze the miRNA-mRNA interactions of the predicted target genes, a luciferase reporter assay was performed in the OA chondrocytes. Vectors containing the partial sequence of the 3'UTR of HIF-3α mRNA, where the predicted miR-210 target sites were located, were used. Luciferase activity was significantly reduced following the miR-210 transfection, compared with the negative control transfection (P<0.05; Fig. 4B ). These data suggested that miR-210 binded directly to the 3'UTR of HIF-3α mRNA. Subsequently, RT-qPCR and Western blot analyses were performed to confirm the regulation of the expression of HIF-3α by miR-210 in chondrocytes. miR-210 did not alter the mRNA expression of HIF-3α, however, it significantly suppressed the protein expression of HIF-3α, compared with the negative control transfection (P<0.05; Fig. 4C and D) .
Knockdown of HIF-3α promotes OA chondrocyte proliferation.
To investigate the role of HIF-3α in chondrocytes, HIF-3α knockdown was performed by HIF-3α siRNA transfection. Initially, the efficiency of HIF-3α siRNA transfection was evaluated in the chondrocytes. The results of Western blot and RT-qPCR analyses showed that HIF-3α siRNA effectively suppressed the levels of HIF-3α, compared with the control siRNA in the OA chondrocytes ( Fig. 5A and B) . The results of the XTT assays revealed that chondrocyte proliferation was promoted by the HIF-3α siRNA transfectant, compared with the control siRNA, in the chondrocytes (Fig. 5C) .
Knockdown of HIF-3α decreases extracellular matrix deposition in OA chondrocytes. HIF-3α siRNA transfection was performed to investigate the functional role of HIF-3α. The results demonstrated that HIF-3α siRNA significantly increased the mRNA and protein levels of COL2A1 (Fig. 6A) , and decreased the mRNA and protein levels of COL10A1 and MMP13 in the OA chondrocytes (Fig. 6B and C) . 
Discussion
OA is the most common type of joint disease affecting humans (21) , and can be triggered and affected by a diverse range of factors, including temperature, age, gender, prior joint injury, obesity, genetic predisposition, and mechanical factors, including malalignment and abnormal joint shape (22) (23) (24) . A number of studies have focused on OA, however, the mechanism underlying the onset and progression of OA remain to be fully elucidated (25) . Cartilage provides a smooth surface, which allows for an efficient gliding motion during joint movement in normal joints (22) . Degradation of articular cartilage is one of the key pathological changes in OA, which is triggered by gradual loss of the ECM, composed predominantly of type II collagen and proteoglycans (26) . Chondrocytes in the articular cartilage synthesize several cartilage proteins, which are responsible for construction of the ECM network (25) . Transcription profiling has demonstrated that OA chondrocytes possess altered gene expression (27) . In the present study, the mRNA levels of COL2A1 in OA chondrocytes were significantly lower than those in normal cartilage, whereas the mRNA levels of COL10A1 and MMP13 were significantly higher. These results reflect reduced cartilage protein expression and the potentiation of cartilage degradation in OA.
Evidence has shown that miRNAs are important in cartilage development and structure in mice (28). For example, miR-27a and miR-27b have been shown to regulate the expression of MMP-13 in human OA chondrocytes (29, 30) , and miR-34α has been reported to modulate chondrocyte apoptosis (31) . However, whether miR-210 is involved in the progression of OA remains to be fully elucidated. In the present study, the expression of miR-210 was found to be lower in OA cartilage, compared with healthy cartilage, suggesting that miR-210 may be involved in the pathological process of OA. To investigate this possibility, the expression of miR-210 in OA chondrocytes was upregulated via miR-210 transfection, which was observed to increase OA chondrocyte proliferation, which was accompanied by augmented expression of Ki67. In addition, miR-210 transfection in OA chondrocytes increased the expression of COL2A1, and decreased the expression levels of COL10A1 and MMP13. These results provided evidence supporting miR-210 as a positive regulator of chondrocyte proliferation and ECM deposition in the pathogenesis of OA.
To further understand the mechanism of miR-210 in OA, the present study identified the target of miR-210 using TargetScan. It was predicted that HIF-3α was a target of miR-210 in OA chondrocytes, and the direct binding of hsa-miR-210 to the HIF-3α 3'UTR was examined using luciferase reporter assays. HIF-3α is one isoform of the HIF-α subunit, of which the remaining two subunits are HIF-1α and HIF-2α, respectively (32) . HIF-I modulates adaptive cellular responses in hypoxic environments, and modulates the expression of numerous genes involved in metabolism, cell survival and apoptosis, in an oxygen-dependent manner (33) . As cartilage develops in a hypoxic environment, it has been suggested that HIF is involved in the development of chondrocytes (34) . Previous evidence has shown that HIF-α is an essential factor for chondrocyte growth arrest and survival (35) , and it has been hypothesized that HIF offers potential for cartilage repair (34) .
In the present study, miR-210 overexpression suppressed the mRNA and protein expression levels of HIF-3α in the OA chondrocytes, confirming that HIF-3α is a target for miR-210 in OA chondrocytes. To further confirm the role of HIF-3α in the pathogenesis of OA, loss of function experiments using siRNA was performed. The results showed that cell proliferation was inhibited by HIF-3α knockdown in OA chondrocytes. In addition, the mRNA level of COL2A1 was increased, whereas the mRNA levels of COL10A1 and MMP13 were decreased, following HIF-3α knockdown.
In conclusion, the present study demonstrated that miR-210 targeted HIF-3α, and thereby enhanced the proliferation of chondrocytes, stimulated the expression of COL2A1 and reduced the expression levels of COL10A1 and MMP13. These effects may render miR-210 a potential target for cartilage repair or OA therapy.
